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We study the indirect detection of dark matter through neutrino flux from their annihilation
in the center of the Sun, in a class of theories where the dark matter-nucleon spin-independent
interactions break the isospin symmetry. We point out that, while the direct detection bounds
with heavy targets like Xenon are weakened and reconciled with the positive signals in DAMA
and CoGeNT experiments, the indirect detection using neutrino telescopes can impose a relatively
stronger constraint and brings tension to such explanation, if the annihilation is dominated by
heavy quark or τ -lepton final states. As a consequence, the qualified isospin violating dark matter
candidate has to preferably annihilate into light flavors.
PACS numbers: 95.35.+d, 95.85.Ry, 13.15.+g
I. INTRODUCTION
It is well established that Dark Matter (DM) domi-
nates the matter in the universe, but the identity of DM
remains unclear. The direct detection experiments aim
to decode the DM non-gravitational interactions by ob-
serving the scattering of DM off detector materials [1].
Many efforts have been made to search for such events
for decades. Two collaborations, DAMA [2] and Co-
GeNT [3], have claimed the evidences for annual modu-
lation in the differential event rate, which is a character-
istic property due to the motion of the Earth around the
Sun [4]. The simplest explanation points to a low mass
O(10)GeV DM spin-independently (SI) elastic scattering
off nucleon with cross sections around (2− 5)× 10−4 pb.
It, however, turns out that DAMA tends to favor a rela-
tively larger cross section than CoGeNT does. Moreover,
they contradict with the null experiments CDMS [5] and
XENON [6] results, which put most stringent constraints
on the SI DM-nucleon scattering cross sections.
In order to alleviate the tension between the Co-
GeNT, DAMA results and the constraints of CDMS and
XENON, various theoretical attempts and solutions have
been put forward [7, 8]. Among them, isospin-violating
dark matter (IVDM) [8–11] draws a lot of interests. It
was proposed that the DM particles might couple differ-
ently to the protons and neutrons. Under this generic
assumption, one therefore gains an additional degree of
freedom, fn/fp, the ratio between the two couplings. If
it satisfies fn/fp = −Z/(A − Z) for a given nuclear iso-
tope (A,Z), the scattering amplitudes will interfere de-
structively and cancel each other. Therefore, the con-
straints from the corresponding isotope could be com-
pletely evaded .
There are also huge experimental efforts to detect DM
indirectly through the detection of secondary products
of DM annihilation in the galaxy or astrophysical bod-
ies [12, 13]. One promising way is to detect the high
energetic neutrino signals resulting from the annihila-
tion of DM that have been gravitationally captured by
the Sun [14, 15], using the neutrino telescopes on the
Earth, such as Super-Kamiokande (Super-K) [16] and
IceCube [17]. The most severe constraints set on the
low mass DM are given by Super-K data. In this paper,
we study the neutrinos flux coming from annihilation of
IVDM in the Sun.
Throughout the discussion, we will assume the DM
particle is symmetric, namely it can have significant an-
nihilation when the number density is higher. We will
comment on the scenario of asymmetric DM case in the
end of the paper.
II. CONSEQUENCES OF ISOSPIN VIOLATION
In this section, we discuss the general consequences of
isospin-violating DM-nucleon interactions in various DM
direct/indirect detection approaches. We will focus on
the class of spin-independent interactions.
For ground-based direct detection experimental target
containing a certain element i with nucleon and proton
numbers (Ai, Zi), the ratio of the isospin-violating (IV)
cross section to isospin-conservative (IC) cross section is
σIVi
σICi
∼ [Zi + (Ai − Zi)fn/fp]
2
A2i
. (1)
The phenomenologically favored ratio is found to be
fn/fp ≈ −0.7. Due to destructive interference in the
amplitude, the direct detection rate gets reduced signif-
icantly. The suppression factor turns out to be about
10−4 for Xenon and 10−3 for Germanium, while it is
about 10−2 for Sodium. This feature acts as the key
factor to reconcile the results of DAMA, CoGeNT and
XENON experiments.
On the other hand, the capture of DM in the Sun is
dominated by light elements for low mass DM favored by
CoGeNT and DAMA results, namely Helium for isospin-
conserving case and Hydrogen for isospin-violating case.
The contributions of heavier elements are suppressed by
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2Element Xe Ge Na Solar capture
Suppression 1.3× 10−4 2.6× 10−3 1.3× 10−2 4.0× 10−2
TABLE I. The suppression factors in the direct detection ex-
periments and solar capture process, with fn/fp = −0.7 and
mχ = 10 GeV.
their small chemical abundance. Therefore, the suppres-
sion factor for capture is
CIV
CIC
∼ µ
2
H
A2Heµ
2
He
, (2)
where µi = mχmi/(mχ + mi) and mi is the mass for
nucleus i. Taking into account of the presence of different
isotopes, we list the reduction factors in direct detection
and solar capture rates in Table. I.
The key observation from Table. I is the hierarchy in
the suppression factors, amongst which solar capture rate
receives the weakest suppression from isospin violation.
For DM mass around 10 GeV, the capture rate is reduced
only by a factor of 0.04.
Therefore, the indirect detection using the neutrino
flux can give relatively stronger bounds on the DM-
nucleon SI interactions, if the interactions are isospin vio-
lating. This serves as the main point of this paper. In the
next section, we illustrate this statement quantitatively.
III. INDIRECT DETECTION FROM THE SUN
Weakly interacting DM can be captured in astrophysi-
cal bodies like the Sun. The capture process usually hap-
pens due to the scattering between DM and the nuclei.
As DM particles are accumulated near the core region
of the Sun, there can be significant annihilation process
whose rate is proportional to its squared number density,
dN
dt
= C − CAN2 , (3)
where C is the capture rate and CA is the annihilation
rate of DM particles in the Sun. For simplicity we neglect
the evaporation term, which could be important for DM
lighter than 3-4 GeV [24]. Assuming that C and CA
do not depend on time, one can readily solve the DM
number N(t)
N(t) =
√
C
CA
tanh
(√
CCA · t
)
. (4)
If the time needed to reach equilibrium is much smaller
than the age of the solar system, i.e., 1/
√
CCA  t,
the capture and annihilation processes are now in equi-
librium and the two terms on the right-handed side of
Eq. (3) are balanced with each other.
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FIG. 1. The solar capture rate per DM-nucleon spin-
independent cross section for some representative elements
in the isospin conserving and violating cases. For a light DM,
Helium dominates the contribution in the former case and
Hydrogen in the latter.
A. Capture rate
The capture rate of DM by element i in the Sun can
be calculated by [18, 19]
C,i =
∑
i
4pi
∫ R
0
r2dr
ρχρ,i(r)
2mχµ2i
σi
∫ ∞
0
du
f(u)
u
× θ(ER,max − ER,cap)
∫ ER,max
ER,cap
dERF
2(ER) , (5)
where the sum i goes over all the elements and the
DM local density is chosen to be ρχ = 0.3 GeV/cm
3.
The capture rate C,i is proportional to the corre-
sponding DM-nucleus scattering cross section. We use
the standard chemical composition of the Sun given
in [20] to calculate the capture rate of each element,
with the atomic number up to 56. ρ(r) = ρ0e
−B·r/R
is the mass density function of the Sun, where B =
10.098, ρ0 = M/
(∫ R
0
4pis2dse−B·s/R
)
and M(r) =∫ r
0
4pis2dse−B·s/R . The mass density profile for each
element is
ρ,i(r) = ρ(r) · ni , (6)
where ni is the mass fraction for a given element i in the
Sun. The DM velocity distribution is taken as a standard
Maxwell-Boltzmann form,
f(u)
u
=
1√
piv2
(
e−(u−v)
2/v2 − e−(u+v)2/v2
)
, (7)
where v = 220 km s−1.
The nuclear form factor F 2(ER) takes the Helm form
F 2(ER) = e
−ER/Ei , (8)
where Ei = 3/(2miR
2
i ) and Ri = (0.9A
1/3 + 0.3) fm.
For heavier nucleus, it is easier to deposit more energy
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FIG. 2. The ratio of solar capture rates in isospin conserving
and violating cases. For illustration, fn/fp = −0.7 is taken
in isospin violating case.
in each scattering. Thus, the recoil energy integral is
approximately proportional to the reduced mass squared
µ2i . This explains the additional factor of reduced mass
ratio in Eq. (2).
The lower limit for recoil energy integral in Eq. (5)
is the minimal energy transfer needed to capture the
DM, ER,cap = mχu
2/2; while the upper limit is the
largest energy transfer allowed by kinematics ER,max =
(2µ2i /mi)
(
u2 + v2esc(r)
)
. The valid recoil energy integral
must satisfy ER,cap < ER,max, so for the case mχ  µi,
the initial velocity u at infinity must be small enough for
the capture to happen.
The escape velocity of the Sun is given by
vesc(r) ≈ v2ctr −
M(r)
M
(
v2ctr − v2surf
R
r
)
, (9)
where for consistency M ≡ M(R) = 1.988 × 1030 kg,
R = 6.955 × 108 m, vctr ≡ vesc(0) = 1387.5 km/s and
vsurf ≡ vesc(R) = 617.5 km/s.
The scattering cross section σi in Eq. (5) represents
the strength of DM-nucleus i interaction. In the isospin-
conserving case, the DM-nucleus scattering cross section
is related to the cross section of the DM-proton by
σi = σ
SI
χpA
2
i
µ2i
µ2p
. (10)
Compared with the Hydrogen (proton), the cross sec-
tions off heavy nucleus are enhanced by both A2i and
µ2i /µ
2
p [21]. Of course, the capture rates for heavier ele-
ments are further suppressed by their abundance in the
Sun. Among all the relevant elements, as can be seen
in Fig. 1, the Helium plays the most dominant role in
capturing the DM when the DM is lighter than 30 GeV,
while the Oxygen is most important for heavier DM.
On the other hand, in the isospin-violating case, the
DM-nucleus scattering cross section is related to that be-
tween the DM and proton by
σi = σ
SI
χp[Zi + (Ai − Zi)fn/fp]2
µ2i
µ2p
. (11)
The cross sections for heavy nuclei are suppressed by the
destructive interference between protons and neutrons in-
side. Therefore it turns out that the Hydrogen is the
dominant species to capture the DM with mass lower
than 40 GeV, as shown in Fig. 1.
In Fig. 2, we plot the ratio of the total capture rates
between isospin conserving and violating scenarios. As a
rough estimate, the ratio is proportional to A4HeρHe/ρH ≈
20 for mχ ≈ 10 GeV. As one can see in the plot, there is
an upper bound CIC /C
IV
 . 50 for fn/fp = −0.7.
B. Annihilation and final state neutrinos
The annihilation rate can be well approximated as
CA =
〈σv〉
Veff
, (12)
where Veff is the effective volume of the core of the Sun
and found to be Veff ≈ 2.0 × 1026 cm3
(
1 TeV
mχ
)3/2
[12].
There is in principle a competition between the capture
and annihilation processes happening around the center
of the Sun. It has been shown that for the DAMA and
CoGeNT favored region, the capture-annihilation equi-
librium has been reached [22]. In fact, for fixed spin-
independent interaction σSIχN and annihilate rate 〈σv〉, in
isospin-violating scenario the processes reach equilibrium
more quickly due to a smaller capture rate. After the
capture and the annihilation processes become balanced,
the flux of the annihilation process will be completely
controlled by the capture rate.
We mainly are interested in the final state neutrinos
from the annihilation which can be detected by the neu-
trino telescopes such as the Super-K experiment. We
use the results of Ref. [23] to obtain the neutrino spec-
trum (dNνi/dEνi)F per process, taking into account
of hadronization, hadron stopping, neutrino absorption
and assuming the effect of neutrino oscillation to the
earth averages the three neutrino flavors [12]. Here
F denotes the annihilation product of the DM. For
light DM, the important final states are τ τ¯ , bb¯ and cc¯,
which can further decay to neutrinos. The neutrino flux
when they arrive at the earth is then (dΦνi/dEνi)F =
(dNνi/dEνi)F C(1/4piR
2), where R is the Sun-Earth
distance.
C. Muon rate at Super-K
The state-of-art technique to study the neutrino flux
from cosmic rays is to observe up-going muons into the
detector. These muons signals are generated by muon
neutrino interacting with rocks as well as materials (e.g.,
water) inside the detector. Here we follow Refs. [24–26]
to calculate the muon rate generated in the presence of
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FIG. 3. Positive signals from DAMA (orange circle) and Co-
GeNT (purple circle) in view of other direct detection experi-
ments (dashed line) and indirect detection of neutrino flux
(solid curves) from DM solar capture and annihilation, in
isospin conserving (upper panel) and violating (lower panel)
cases. In each panel, from up to down the solid curves repre-
sent annihilation to final states cc¯, bb¯ and τ τ¯ , assuming 100%
branching ratio.
neutrino flux obtained in the previous subsection.
Φµ =
∫ mχ
Ethµ
dEµ
∫ mχ
Eµ
dEνµ
dΦνµ
dEνµ
(13)
×
[
ρ
mp
dσν
dEµ
(Eµ, Eνµ)Rµ(Eµ, E
th
µ )
]
+ (antineutrino) ,
where the square bracket represents the probability of
muon being generated from charge-current weak inter-
actions with cross section σν , and traveling though the
average length Rµ. ρ is the mass density of the rocks or
the water. The charged current interaction with nucleons
can be written as
dσ
(p,n)
ν (Eµ, Eνµ)
dEµ
=
2
pi
G2Fmp
(
a(p,n)ν + b
(p,n)
ν
E2µ
E2νµ
)
,
(14)
where a
(p)
ν = 0.15, a
(n)
ν = 0.25 and b
(p)
ν = 0.04, b
(n)
ν =
0.06. The interactions of anti-neutrinos are similar, but
with parameters a
(p)
ν¯ = b
(n)
ν , a
(n)
ν¯ = b
(p)
ν and b
(p)
ν¯ = a
(n)
ν ,
b
(n)
ν¯ = a
(p)
ν . The average length that muon travels before
losing its energy below the detector threshold energy Ethµ
is parametrized by
Rµ(Eµ, E
th
µ ) =
1
βρ
log
(
α+ βEµ
α+ βEthµ
)
, (15)
where we have taken the parameters α = 2.3 ×
10−3 cm2g−1GeV−1 and β = 4.4 × 10−6 cm2g−1 in the
calculations.
The Super-K experiment [16] measures the Cherenkov
radiation of energetic muons generated in the charge-
current interactions. The effective area of detection is
around Aeff = 900 m
2, and the τ = 1679.6 live days mea-
surement allows at most 11 events other than originating
from the atmosphere neutrino background [24] at 95%
confidence level. We use this as the upper bound on the
number events Nµ = ΦµAeffτ/2 from DM annihilations
in the Sun, where the factor 1/2 accounts for the night-
time.
We have plotted the constraints on DM-nucleon cross
section in Fig. 3, including both direct detections and
indirect detection via neutrinos from the Sun. We focus
on the low mass DM region in light of the recent direct
detection excitement. As was noticed in [10], the posi-
tive signals from DAMA and CoGeNT can be reconciled
by including isospin-violating DM-nucleon interactions.
Isospin violation effect can also relieve the tension with
the null results of XENON experiments, but cannot re-
move the constraints from CDMS which uses the same
material as CoGeNT [10].
An interesting finding is that the indirect detection
with neutrinos from DM annihilation in the Sun imposes
a stronger constraint if the annihilation final states are
neutrino-rich, i.e., τ τ¯ or bb¯ (or marginally cc¯), as shown
by the solid curves in the Fig. 3. The annihilation to light
quarks or muon is still allowed, since they would lose
most energy before decay, due to relatively longer life-
times. Therefore, the qualified IVDM candidates should
annihilate preferably into light flavors. This is a model-
independent result, originating from the hierarchical na-
ture characterized in reduction factors for different rates,
as shown in Table. I. It brings more challenge for the
DM model building. One possibility could be the por-
tal bridges the DM sector only to the first generation
fermions in the SM sector. The couplings to second gen-
eration quarks (like cc¯) could then be induced but safely
suppressed by the Cabibbo mixing angle.
A second message we can learn from Table I and Fig. 2
is, the suppression factor of the total capture rate is al-
ways larger than 1/50, still less suppressed compared to
those in direct detection experiments. Therefore, even
in the case of inelastic scattering where elements heavier
than Helium are more likely to dominant [27], the indirect
detection from the sun could still impose an important
constraint.
Finally, we comment on the scenario where the DM
particle is asymmetric. The asymmetric dark matter has
been proposed in order to understand why the baryonic
matter and DM have similar relic densities [28]. In such
scenario, due to the lack of its antiparticle, the dark mat-
ter cannot annihilate as they are accumulated inside the
sun. If this happens, it is more difficult to have indirect
detection signal of the asymmetric DM if it is completely
stable and the above indirect detection bounds from the
5sun will no longer hold. However, if the dark matter self
interaction is strong enough, the self capture could still
play important roles and reveal its existence [29].
IV. CONCLUSION
In summary, we studied the capture of low mass
isospin-violating DM in the Sun and the corresponding
neutrinos flux from their subsequent annihilation. Low
mass isospin-violating dark matter has been proposed
to reconcile the annual modulation signals observed by
DAMA and CoGeNT with the constraints put by the
null direct-detection experiments. The isospin-violating
effects make the scattering cross section of DM off cer-
tain isotope relatively suppressed, which therefore helps
to solve the contradiction between positive signals with
the null experiments. However, we find that the indi-
rect detection of neutrino signals through the neutrino
telescope Super-K sets stronger constraints on the DM-
nucleon interactions and brings further tension to such
explanation, if the DM particles annihilate into neutrino-
rich final states, e.g., tau leptons or bottom quarks.
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